and social behavior in male vervet monkeys (Cercopithecus aethiops sabaeusg. PHYSIOL BEHAV 51(5) [973][974][975][976][977] 1992.--Many investigations in humans indicate that epinephrine, norepinephrine and their ratio may correlate with such traits as social competence, academic achievement, and aggression. However, the socioeconomic, dietary, and environmental confounds accompanying most human studies complicate their interpretation. Social status, aggression, and other social behaviors can be reliably assessed in nonhuman primates under conditions controlling for crucial environmental factors. If interpretation of human studies is correct, dominant and subordinate male vervet monkeys should exhibit distinctive patterns of catecholamine secretion. To test this possibility, seventeen adult male monkeys living in six stable social groups were observed for 6 months. Based on their success in agonistic events, subjects were categorized as dominant or subordinate. Alpha scores were calculated from empirically derived factors to provide a noncategorical measure of dominant behavioral style. Plasma epinephrine and norepinephrine samples obtained from anesthetized subjects did not differ between dominant and subordinate males. Alpha scores, however, distinguished high from low norepinephrine/epinephrine ratio groups. These findings are consistent with studies in humans linking high epinephrine, low norepinephrine, and social competence.
THE relationship of peripheral catecholamines to emotions and behavior has been studied widely since Cannon (5) recognized the importance of adrenomedullary secretions in physiological and psychological responses to stress. Based primarily upon the responses of normal humans, Funkenstein (15) and Elmadjian et at. (12) proposed that aggressive emotional states were associated with high levels of circulating norepinephrine, while anxious states were associated with high levels of circulating epinephrine. In support of the Funkenstein hypothesis, Fine and Sweeney (13) reported increased norepinephrine among men displaying aggressive responses on projective tests, and Ekkers (11) found elevated normetanephrine excretion in aggressive adolescents. Frankenhaueser (14) documented increased levels of epinephrine in association with anticipation, pain, overstimulation, mental work, and cognitive efficiency. Subsequent research pointed to the possible use of the ratio of norepinephrine to epinephrine (NE/E), as an indicator of sympathetic balance in psychopathological states. Peripheral epinephrine and norepinephrine levels can change dramatically in response to biological (40) and psychological (14) stresses. Because the two hormones characteristically change in the same direction (7) their ratio may provide a relatively stable measure reflecting the quality or balance rather than the absolute amount of sympathetic discharge. High urinary NE/E has been reported to be a stable trait among violent psychiatric patients (41), while low NE/E has been documented in patients who have made highly lethal suicide attempts (24) . Tennes (38) found high urinary NE/E in aggressive children and low NE/E in socially competent children.
The study of nonhuman primates allows direct experimental control of some of the social environmental variables that confound human studies such as group composition, group stability, social status, nutritional status, and state of arousal, and permits close observation of behavior over extended periods of time. Though many peripheral biochemical correlates of social behavior have been studied in nonhuman primates, including ' Requests for reprints should be addressed to James E. Dillon. whole blood serotonin (31 ) , testosterone (9, 33) , cortisol (8, 18, 22) , prolactin (8) , glucose (34) , and platelet monoamine oxidase (32), norepinephrine and epinephrine have received less attention. Studying rhesus monkeys, Mason et al. (20) reported that plasma norepinephrine rose in response to a variety of emotional stimuli but that epinephrine rose more selectively, usually in response to noxious stimuli prompting subjects to perform a specific task. Chair restraint provoked threefold increases in urinary catecholamines (21). Candland and Leshner (4) found a complex relationship between total urinary catecholamines and social status in small groups of squirrel monkeys (Saimiri squirreus).
In a stable social group, rank and urinary catecholamine levels were inversely related: the highest ranking animal among five males exhibited the lowest catecholamine levels. In contrast, in a newly formed group both dominant and subordinate animals tended to exhibit lower catecholamine levels than midranking individuals. These studies suggest that monkeys, like human beings, secrete peripheral catecholamines in response to acute stress, but they do not clarify how social behavior and social status might be related to catecholamine levels.
Vervet monkeys develop relatively stable hierarchical social structures both in free-ranging conditions (6) and in captivity (30) . In most vervet colonies, a single, dominant male can be readily distinguished behaviorally (23) . Relative to his subordinate counterparts, this male exhibits greater success in agonistic encounters and has preferential access to food and to sexual partners (16) . Males appear to achieve dominant social status by establishing affiliative bonds with females rather than through increased aggressivity (29) . In this respect they resemble the socially competent children studied by Tennes et al. (38) more than the pathologically aggressive psychiatric patients described by Woodman et al. (42) . Correspondingly, if the catecholamine levels observed in the human studies are related to behavioral state rather than to accompanying environmental variables, dominant vervet monkeys should show the low NE/E ratio seen in Tennes competent children rather than the high NE/E ratio seen in aggressive children or violent patients. Further, dominant animals should have a lower NE/E ratio than subordinate animals, and males with high scores on separate measures of dominant behavioral style should have similar patterns of catecholamine secretion. In this study we have examined these propositions in monkeys living in stable social groups.
METHODS

Subjects
Subjects were seventeen adult male vervet monkeys (Cercopithecus aethiops sabaeus). All were healthy, had fully erupted canines and third premolars, and weighed from 6.4-12.4 kg. Three were ferally raised and fourteen were raised in captivity. Subjects came from six social groups, each consisting of two or three adult males, two to four adult females and their immature offspring. The social composition of the groups had been stable, apart from births, for at least 6 months prior to initiation of the study.
Housing and Care
As described elsewhere (31), animals were housed in outdoor enclosures at the Nonhuman Primate Laboratory, Sepulveda Veterans Administration Medical Center, Sepulveda, CA.
Animals were fed isoniazid-free commercial monkey chow ad lib, supplemented with fresh fruit once or twice weekly.
Behavioral Observations
Behavioral observations were conducted between January and June 1986, when blood specimens tbr plasma catecholamines were also collected. Sixty focal observations, each lasting 5 minutes, were conducted for each subject. Behavioral measures were based on Struhsaker's (36) ethogram tbr this species and are described in Table 1 .
Approach, ambivalent approach, groom, sex, aggression, display, submit/avoid, and lipsmack were recorded as initiated when emitted by the target animal and as received when emitted by an interacting subject toward or in response to the target animal. Vigilance was scored only when initiated.
Interrater reliability was calculated for each behavior by dividing the number of times it was scored by both observers by the number of times either or both observers scored it. For all behavioral measures interrater reliability exceeded 85%.
Social Status
Social status was assessed by observing the outcomes of dyadic intermale agonistic encounters. A subject was regarded as successful in such an encounter if his opponent submitted or avoided in response to a threat, display, or contact aggression initiated by the subject. For each pair of males, the dominant male was the animal with the highest percentage of successes in agonistic encounters. In each group one male was dominant to both of the other two. This animal was defined as the dominant male: other adult males were defined as subordinate.
Blood Samples
Blood samples were collected between 0730 and 0930 hours. Animals were captured and anesthetized with ketamine hydrochloride (Vetalar), 8-14 mg]kg, approximately 10 minutes (range 5-24 minutes) before femoral venipuncture. Specimens of 3 ml were collected in plastic tubes containing 6 microliters of EGTA and placed on ice. Plasma was frozen within 2 hours of sample collection and stored at -70°C.
Catecholamine As'say
Plasma was assayed for epinephrine and norepinephrine using a commercial modification (Cat-a-Kit, Upjohn) of the technique of Passon and Peuler (25) . Interassay variability was approximately 17% for epinephrine and 14% for norepinephrine. Assays were rejected when measured concentrations in pooled control specimens supplied by the manufacturer exceeded these limits. Samples from all members of any particular social group collected on a given day were assayed simultaneously. Where multiple specimens were available for a particular subject the mean catecholamine value was used for statistical analysis.
Statistical Analyses
Statistical procedures were performed with the Statistical Package for the Social Sciences X, version 2.1 (35) .
The effect of the blood sampling procedure was assessed by computing correlations (Pearson's r) between catecholamine levels and time from anesthetization to venipuncture for 19 samples from 13 subjects.
Student's t (one-tailed) compared the mean catecholamine levels and NE/E ratios of dominant and subordinate males.
In subsequent analyses, square root or logarithmic transformations of variables were used where these produced distributions better approximating normality as judged from statistics for skew and kurtosis. A correlation matrix (Pearson's r) was generated for all behavioral variables (see Table l ) versus epinephrine, norepinephfine, and NE/E ratio.
Factor analysis with varimax rotation based upon seven behavioral variables produced three factors. Of these, two represented behavioral profiles characteristic of dominant and subordinate males, respectively. An alpha score for each subject was computed as the difference between loadings on these two factors.
Correlations (Pearson's r) were computed between alpha scores and catecholamine variables. In addition, subjects were divided at the median into high (n = 9) and low (n = 8) NE/E groups. Mean alpha scores of these groups were compared using student's t.
RESULTS
Catecholamine Levels in Dominant and Subordinate Males
Mean levels of catecholamines in dominant and subordinate monkeys are shown in Table 2 . No significant differences were found between dominant and subordinate animals with respect to epinephrine, norepinephrine, or NE/E ratio.
Specific Behaviors Versus Catecholamine Levels
Fifty-one correlations (Pearson's r, two-tailed) between seventeen behavioral and three biochemical variables were generated. Seven of these were significant at the 0.05 level: epinephrine with lipsmacks initiated (r = 0.51); norepinephrine with lipsmacks received (r = -0.55) and with grooms received (-0.58); and NE/E ratio with submits initiated (r = -0.50), with sex initiated (-0.49), with ambivalent approaches initiated (r = 0.61, p < 0.01), and with defensive aggresses initiated (r = 0.56).
Alpha Scores
Factor analysis produced three factors, two of which appeared to reflect social status. One demonstrated high loadings for ini- In all groups a subordinate male loaded higher than the dominant male on this factor. The difference between these factors (the alpha score) was higher in dominant males than in subordinate males in five of six social groups.
Alpha Scores Versus Catecholamine Levels
No significant correlations were noted between alpha scores and either epinephrine or norepinephrine. NE/E ratio was significantly correlated with alpha score (r = -0.49; p < 0.05, twotailed). When the subjects were divided into those with high (n = 9) and low (n = 8) NE/E values, the two groups had mean alpha scores of-0.71 and 0.81, respectively. These means are significantly different (t = 2.60, p < 0.05, see Fig. 1 ).
Effects of Time Elapsed Between A nesthetization and Venipuncture
For 19 samples from 13 subjects the correlations between time elapsed from anesthetization to venipuncture and catecholamine levels were as follows: for epinephrine, r = -0.45702, p < 0.05; for norepinephrine, r ---0.54734, p < 0.01. These indicate declining catecholamine levels with passage of time after anesthetization. The NE/E ratio, however, was not significantly correlated with time elapsed after venipuncture.
DISCUSSION
These results suggest that, among captive adult male vervet monkeys, social behaviors associated with dominance, such as initiation of sex and receipt of grooming, and lipsmacking, correlate negatively with plasma norepinephrine or NE/E ratio; while behaviors associated with submissiveness, such as lipsmacking, submitting, ambivalent approaching, and defensive aggression, correlate positively with NE/E ratio. The number of correlations, seven of 51 yielding significance at the 0.05 level, is well in excess of chance expectation. Furthermore, alpha scores, derived from factor analysis, are significantly negatively related to the NE/E ratio. Contrary to our hypothesis, no straightforward relationships were detected between biochemical measures and social rank as such.
The present findings are compatible with human studies relating social behavior and plasma catecholamine levels. Tennes et al. (38) showed associations in children between social competence and low norepinephrine, between affiliative behavior and high epinephrine, and between socially inappropriate aggression and high NE/E ratio. Bergman and Magnusson (3) described high urinary catecholamine levels, especially epinephrine, in boys characterized as overambitious and overachieving. Our results on vervet monkeys displaying dominant behavioral characteristics supports the association between low NE/E ratio and social competence, ambition, and overachievement. The findings are also consistent with other data from vervets indicating that, in response to stress and competition, the potentially dominant monkeys have higher levels of cortisol (22) .
Many factors can influence sympathetic activity. The stress of the anesthetization procedure as well as the anesthesia itself may stimulate catecholamine secretion, though the rapid clearance and metabolism of epinephrine and norepinephrine (17) mitigates this effect in samples obtained several minutes after induction. Differential rates of metabolism of catecholamines, however, may produce differences in circulating levels unrelated to rates of release of these compounds. Ketamine may also influence sympathetic function (39) . In human beings catecholamine levels have been reported to rise and peak 3--10 minutes alter ketamine induction (1, 43) and after combined ketamine and suxamethonium administration (37), though qakki et al. (37) were unable to demonstrate this phenomenon using ketamine as the sole anesthetic. In the present study, negative correlations between time after anesthetization and catecholamine levels suggest that our samples were collected as catecholamines descended from peak levels, perhaps stimulated by ketamine, capture, and/or injection. NE/E ratio, however, did not change as a function of time after anesthetization. Since norepinephrine and epinephrine are highly intercorrelated (7) and tend to respond to behavioral and biochemical stressors by changes in the same direction (40) , the NE/E ratio is probably less vulnerable to such stress effects than the absolute level of either hormone. This is among the first reports of a relationship between plasma catecholamine levels and social behavior in an anesthetized subject of any species. Anesthetization obviates the need to maintain an indwelling catheter in an animal chronically restrained outside its accustomed social milieu (19, 26) and reduces the impact of poorly controlled exogenous factors tending to influence catecholamine levels. In future studies, an anesthetic, and/or a procedure having less effect on sympathetic function (2) might be employed. Study of the sympathomedullary system in animals poses challenging technical difficulties whether the animal studied is awake or unconscious: both approaches may be valuable in further illuminating the relationships between peripheral catecholamines and behavior.
